Introduction {#Sec1}
============

High-resolution laser spectroscopy of atomic transitions can be used as a high precision, model-independent probe for a number of fundamental properties of nuclear ground states or long-lived isomers. The analysis of hyperfine splittings allows the extraction of nuclear spin, magnetic dipole moment and electric quadrupole moment, while isotope shifts are linked to changes in mean square charge radii along a series of isotopes \[[@CR1]--[@CR3]\]. During the last decades, with the use of radioactive ion beam facilities based on the Isotope Separation On-Line (ISOL) technique in combination with sensitive laser spectroscopy methods, such studies continued to push further away from the valley of beta-stability, towards very exotic short-lived radioisotopes. In this regard the region of lanthanide elements is one of the most thoroughly studied along the entire chart of nuclei. Promethium (Pm, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z=61$$\end{document}$), however, marks a gap in the map of investigated nuclei \[[@CR1]\], which can be attributed to its exclusively radioactive nature and its complex atomic spectrum, rendering preparatory experiments difficult.

Precision spectroscopy in the Pm isotopic chain is of high relevance to gain information on nuclear moments and for the study of nuclear shape transition phenomena. Leander et al.  expect a transition from spherical nuclei to a regime of strong deformation towards neutron deficient isotopes in the light lanthanide region, which is predicted to be best accessible (at $\documentclass[12pt]{minimal}
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                \begin{document}$$N < 75$$\end{document}$) and particularly sharp in the case of Pm \[[@CR4]\]. On the neutron-rich side, the shape transition to deformed nuclei for $\documentclass[12pt]{minimal}
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                \begin{document}$$^{146}$$\end{document}$Gd, which shows certain features typical for a doubly magic nucleus \[[@CR5]\], has been related to the abrupt change in charge radii in this region. Budick et al.  observe a remarkable degree of deformation in $\documentclass[12pt]{minimal}
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                \begin{document}$$^{147}$$\end{document}$Pm, measured via atomic beam magnetic resonance (ABMR) \[[@CR6]\], similar to what has been observed for the corresponding isotones of Eu \[[@CR7]\]. Although we cannot access these neutron numbers in our off-line experiment, a valuable basis for on-line studies can be established.[1](#Fn1){ref-type="fn"}

Modern cyclotrons are capable of producing a number of long-lived Pm isotopes in relevant quantities and with suitable specific activity, rendering laser spectroscopic experiments feasible. In the historical context Pm spectroscopy is not entirely new, however, experiments were most often limited to the easiest accessible isotope, $\documentclass[12pt]{minimal}
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                \begin{document}$$^{147}$$\end{document}$Pm. First hyperfine patterns were measured in the 1960s by Klinkenberg et al.  \[[@CR8]\] and Reader et al.  \[[@CR9]\]. In these experiments, milligram amounts of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{147}$$\end{document}$Pm were used in both, electrodeless discharge or hollow cathode light sources and studied using grating-based and Fabry--Pérot spectrographs. Although several hundred lines were measured, the assignment of the associated energy levels was not possible in most cases, and sometimes even the information was lacking whether a specific line belongs to the spectrum of neutral (Pm I) or singly ionized (Pm II) promethium. Nonetheless, a nuclear spin of $\documentclass[12pt]{minimal}
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                \begin{document}$$I=+7/2$$\end{document}$ and nuclear moments of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{147}$$\end{document}$Pm could be extracted, which are the most precise values until today (together with values obtained from complementary measurement methods). First direct excitation spectroscopy was performed in the 1990s by Alkhazov et al.  \[[@CR10]\] and Otto et al.  \[[@CR11]\] by means of collinear fast beam laser spectroscopy using dye lasers. In both experiments transitions in the spectrum of Pm II were studied. Alkhazov et al.  also had $\documentclass[12pt]{minimal}
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                \begin{document}$$^{145}$$\end{document}$Pm at their disposal, which was produced in the reaction $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{144}\text {Sm}(n,\gamma )^{145}\text {Sm}(\text {EC})^{145}\text {Pm}$$\end{document}$, and accordingly also extracted nuclear moments for this nuclide, with the precision limited by the reference nuclear moments in $\documentclass[12pt]{minimal}
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                \begin{document}$$^{147}$$\end{document}$Pm \[[@CR12]\].

Other than these laser spectroscopic studies on Pm II transitions, our work is dedicated to the study of Pm I. In the scope of our recent work on the atomic structure of neutral Pm, we identified several laser ionization schemes and determined the first ionization potential of Pm \[[@CR13]\]. Utilizing these schemes, two atomic ground state transitions at $\documentclass[12pt]{minimal}
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                \begin{document}$$468\,\text {nm}$$\end{document}$ are investigated here. In contrast to many state-of-the-art spectroscopy experiments based on collinear laser spectroscopy of fast atom- or ion beams, we performed in-source spectroscopy directly in the atomic beam effusing from a hot atom source. This concept is implemented in the PI-LIST (perpendicularly illuminated laser ion source and trap), which presents a complementary technique to collinear laser spectroscopy and has undergone various performance tests on stable and radioactive species lately \[[@CR14]\].

Experimental setup {#Sec2}
==================

Sample production and purification {#Sec3}
----------------------------------

The samples for our experiment originate from two different production routes. One sample, containing some $\documentclass[12pt]{minimal}
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                \begin{document}$$^{147}$$\end{document}$Pm, was produced by neutron activation of enriched $\documentclass[12pt]{minimal}
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                \begin{document}$$^{146}$$\end{document}$Nd at the high-flux reactor at ILL Grenoble and purified at PSI Villigen. For details on the production we refer to \[[@CR15]\]. Part of this sample was already used for our studies of the atomic structure of Pm \[[@CR13]\]. Other suitable isotopes for off-line experiments are $\documentclass[12pt]{minimal}
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                \begin{document}$$^{143, 144, 145, 146, 148\text {m}}$$\end{document}$Pm, with half-lives of at least some 10 of days, which is required for chemical purification and shipping. To complement the isotopes accessible by neutron irradiation we opted for proton irradiation of a natural neodymium target, which was performed at the 18 MeV proton cyclotron at Bern University Hospital \[[@CR16]\]. A target pellet with $\documentclass[12pt]{minimal}
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                \begin{document}$$0.65 \, \text {mm}$$\end{document}$ was pressed from a mixture of natural Nd$\documentclass[12pt]{minimal}
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                \begin{document}$$113 \, \text {mg}$$\end{document}$. The addition of approx. 25 wt% graphite as binding agent was necessary to increase the mechanical stability of the pressed pellet, which was then encapsulated in an aluminum sample holder and irradiated with an integrated current of approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$_3$$\end{document}$ and the graphite was removed by filtration. The radiochemical separation of the produced Pm isotopes from the Nd bulk material was performed by ion exchange chromatography on the SYKAM cation exchange resin, following the procedure described in \[[@CR15]\]. As a tracer of the Nd-fraction during the chemical separation, 1 MBq of $\documentclass[12pt]{minimal}
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                \begin{document}$$_3$$\end{document}$ solution in the TRIGA research reactor at the Department of Nuclear Chemistry at Mainz University, and afterwards shipped to PSI Villigen, where the radiochemical separation took place. An ICP-MS analysis of the Pm fraction was performed after separation. A Nd:Pm ratio of approx. 100:1 indicates a decontamination factor of Pm from Nd of around $\documentclass[12pt]{minimal}
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                \begin{document}$$18 \, \text {MeV}$$\end{document}$ protons. Half-lives were taken from \[[@CR18]\]. The activity and atom number *n* were determined by $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} comprises all Pm nuclides which were produced in relevant quantities. Half-lives are taken from the Evaluated Nuclear Structure Data File (ENSDF, \[[@CR18]\]). The activity was measured via $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$-spectroscopy. The ratios match within the uncertainties (with consideration of the decay time), so we can conclude that atom numbers of $\documentclass[12pt]{minimal}
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Laser setup {#Sec4}
-----------

Our Pm laser ion source relies on two different laser ionization schemes, which we developed in our previous work \[[@CR13]\]. Both schemes use three laser steps $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _1, \lambda _2, \lambda _3$$\end{document}$ to consecutively excite sample atoms to higher lying atomic states, with the final state having an excitation energy above the first ionization potential and thus undergoing auto-ionization. All level energies are given in units of $\documentclass[12pt]{minimal}
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By measuring the number of produced ions as a function of the laser wavelength, spectroscopy can be performed. The ionization schemes will be abbreviated in the following by (A) and (B), respectively, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _1$$\end{document}$ is the spectroscopy transition in both schemes. Each step was driven by a $\documentclass[12pt]{minimal}
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                \begin{document}$$10 \, \text {kHz}$$\end{document}$ repetition rate pulsed Ti:sapphire laser, with pulse lengths of 40--60 ns, an average output power of 3--4 W, and a spectral linewidth of 5--10 GHz. For a detailed description of these home-built "Z-cavity" lasers, which are in use at on-line radioactive ion beam facilities worldwide, see e.g. \[[@CR19], [@CR20]\]. Since $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _1$$\end{document}$ is in the blue wavelength regime, we generated the second harmonic intra-cavity, using a beta barium borate (BBO) crystal. For measuring hyperfine spectra we can alternatively produce $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx 20 \, \text {MHz}$$\end{document}$ for the spectroscopy transition \[[@CR21], [@CR22]\], seeded by an external cavity diode laser (master ECDL). In this case the second harmonic was generated outside the cavity by focusing the laser into a BBO crystal in simple single-pass transmission. For the master ECDL we used two different laser diodes: Eagleyard RWE-920 and RWE-980 for scheme (A) and (B), respectively. It was stabilized with an iScan unit (TEM Messtechnik GmbH). For a relative laser frequency measurement we simultaneously recorded the output of the master ECDL and a stabilized HeNe laser (SIOS SL-03) in a home-built scanning Fabry--Pérot-interferometer (S-FPI) with a free spectral range of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {F}\approx 400$$\end{document}$. The frequency offset to an arbitrary anchor point can be deduced from the distance of the transmission fringes of the master ECDL laser when using the transmission fringes of the HeNe as a ruler. For a complementary, absolute frequency measurement we used a wavelength meter (High Finesse WSU-30). An additional ECDL (Toptica DL pro 780), locked to a Rb saturation absorption spectroscopy unit (TEM CoSy 4.0) served as a calibration source for the wavelength meter. Note that in a comparative study of the wavelength meter and the S-FPI readout, performed at different laboratories, we observed periodic deviation patterns which necessitate a correction to recorded spectra \[[@CR23]\]. The data presented here was corrected for this periodic behavior by subtracting a frequency deviation term, according to Eq. 1 in \[[@CR23]\], from the wavelength meter data. A drift correction was not applied to the data, but rather a frequent calibration of the wavelength meter to the reference laser (see section IIIB in \[[@CR23]\]). The reference also provides a more detailed description of the cw-laser setup.

Ion source setup {#Sec5}
----------------

The laser spectroscopy was performed at the RISIKO mass separator at JGU Mainz, using the resonance ionization spectroscopy technique. The used setup, i.e. its standard configuration, is described in \[[@CR24]\]. The sample solution was dried on a titanium carrier foil, folded and put into a tubular tantalum atomizer, which can be resistively heated up to $\documentclass[12pt]{minimal}
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                \begin{document}$$2000~~^{\circ }\text {C}$$\end{document}$. For the experiment we used a refined version of the well-proven Laser Ion Source and Trap (LIST) \[[@CR25]--[@CR27]\]. It features a dual repeller electrode on the side facing the atomizer oven, a rf quadrupole for radial confinement of ions, and an exit electrode to prevent field leakage of the strong extraction potential in the LIST volume. It has two modes of operation. When operated in ion-guide (IG) mode both repellers are set on a negative voltage, so that positive ions are extracted from the source. The ions are guided towards the exit electrode by the rf field. Upon passing the exit electrode, they are accelerated to $\documentclass[12pt]{minimal}
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                \begin{document}$$30 \,\text {keV}$$\end{document}$ (from the source potential at + 30 kV towards the grounded extraction electrode). The IG mode resembles the standard laser ion source operation without a LIST unit, with an efficiency loss factor of $\documentclass[12pt]{minimal}
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                \begin{document}$$< 2$$\end{document}$ \[[@CR25]\]. In the second mode of operation (LIST mode) one repeller is set on a positive voltage, so that ionized species from the source region (e.g. via surface ionization) are suppressed. The negative repeller electrode deflects electrons emitted from the hot oven, preventing electron impact ionization within the LIST volume. The LIST mode thus offers a suppression of ions which are produced independently of the laser, in particular isobaric contaminants which cannot be mass-separated. Since laser-ionized species from the source region are lost, this gain in ion beam purity comes at the cost of ionization efficiency. Despite this trade-off this technique offers unique opportunities whenever the ion beam composition is dominated by isobars of the nuclides of interest, which cause strong background. In the present experiment this was the case for e.g. Nd isotopes from the cyclotron target. Figure. [1](#Fig1){ref-type="fig"} shows mass scans in the Pm region for different ion source conditions. For these scans we used the broadband laser system tuned to scheme (A), so that full hyperfine splittings and isotope shifts were covered by the laser linewidth and all Pm isotopes were equally ionized. In the left panel, no heating current is applied to the atomizer and the LIST is operated in IG-mode. The release of sample atoms was caused by heating of the atomizer by the incident laser beams. In this situation the influence of the laser ionization scheme could be well tested, as the contribution of surface ionization was negligible. We observe the isotope ratio as expected from the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$-spectroscopy measurements given in Table [1](#Tab1){ref-type="table"}, with a slight interference of about 3 % intensity at mass 146, occurring when the lasers were detuned from the Pm ionization scheme. In the right panel, at a temperature of approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$1500~~^{\circ }\text {C}$$\end{document}$, the measured isotope ratios in IG-mode are significantly different. The dominant components of the surface ionized pattern are expected to be atomic neodymium from the cyclotron target and a so-far unidentified species on mass 146. The latter was weakly influenced by the $\documentclass[12pt]{minimal}
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                \begin{document}$$452 \, \text {nm}$$\end{document}$ laser radiation and shows a pattern of equidistant resonances with a $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx 4.2 \, \text {GHz}$$\end{document}$ spacing. We therefore presume a molecular species (possibly in a higher charge state) where a vibrational band was excited by the laser light, and which was subsequently ionized non-resonantly by a second photon.Fig. 1Mass spectra of the cyclotron-produced Pm samples. Left panel: Cold ion source. Right panel: Hot ion source at $\documentclass[12pt]{minimal}
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When switching to LIST-mode, these contaminants were suppressed and the ion beam composition was similar to the one of the cold ion source. Isotope ratios were measured with both, a cold source in IG-mode and with the hot source in LIST-mode in good agreement, mean values are given in Table [1](#Tab1){ref-type="table"}. In the following, for the high-resolution spectroscopy application, the ion source was exclusively operated in LIST-mode, introducing the injection seeded probe laser for the spectroscopy transition in perpendicular geometry \[[@CR14]\]. The probe laser beam was horizontally widened with a profile of approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$40 \, \text {mm} \times 2 \, \text {mm}$$\end{document}$ for a large overlap area with the ionizing lasers. A sketch of the experimental arrangement is given in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Sketch of the experimental setup. Top left: vertical cross section of the PI-LIST ion source unit with indicated incident laser beams. For the sake of clarity the mounting and heat shielding of the resistively heated atomizer is not shown. Top right: broadband pulsed Ti:sapphire lasers for ionizing transitions. Bottom left: cw laser system with seeding diode laser and frequency measurement references. Bottom right: pulsed, injection-seeded Ti:sapphire ring cavity for spectroscopy transition. A legend for the used abbreviations is given on the rightFig. 3Excitation schemes (**A**) (left) and (**B**) (right) illustrating the hyperfine splitting of the atomic ground state and respective first excited state. The blue arrows indicate allowed hyperfine transitions, with the positions chosen in relation to the example spectrum presented above. For the spectrum we chose the fit function to our $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{147}$$\end{document}$Pm data. IP: Ionization potential; AIS: Auto-ionizing state

Hyperfine spectroscopy {#Sec6}
======================

The hyperfine splittings of both spectroscopy transitions, at $\documentclass[12pt]{minimal}
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                \begin{document}$$468 \, \text {nm}$$\end{document}$, are schematically illustrated in Fig. [3](#Fig3){ref-type="fig"}. The positions and spacings of the arrows indicating individual hyperfine transitions are chosen in such a way that they depict the position of the respective line in the spectrum, as plotted exemplarily for the case of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{147}$$\end{document}$Pm. In order to achieve a sufficiently narrow experimental linewidth to resolve the hyperfine patterns, several parameters which are specific to the ionization scheme were characterized. Firstly, the power of the spectroscopy laser has to be properly chosen to prevent saturation broadening of the spectral lines. The laser power influence on the two spectroscopy transitions of interest was measured, and is shown in the left panels of Fig. [4](#Fig4){ref-type="fig"}. In scheme (A) we chose the $\documentclass[12pt]{minimal}
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                \begin{document}$$F=5 \rightarrow F'=6$$\end{document}$ transition between the ground state and the respective first excited state. A fit according to the procedure described in \[[@CR28]\] yields saturation powers (defined as the power at which half of the maximum ion signal is reached) of $\documentclass[12pt]{minimal}
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                \begin{document}$$468 \, \text {nm}$$\end{document}$, respectively. As not all components of the hyperfine spectrum were investigated and the values are specific to the individual hyperfine transitions, these values are used as guide figures to estimate the power threshold upon which saturation broadening occurs. In the earlier broadband spectroscopy experiment \[[@CR13]\] we measured a comparable saturation power of $\documentclass[12pt]{minimal}
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                \begin{document}$$P_{s, \text {ref}}^{468} = 10(5)\,\text {mW}$$\end{document}$ deviates by an order of magnitude from the value in this work, which is ascribed to different operation conditions, i.e. a change of the laser power density by a variation in the laser beam profile, as well as the relatively high intensity of the $\documentclass[12pt]{minimal}
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                \begin{document}$$468 \, \text {nm}$$\end{document}$ transition. For hyperfine spectroscopy in the $\documentclass[12pt]{minimal}
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                \begin{document}$$468 \, \text {nm}$$\end{document}$ transitions, the first excitation laser were correspondingly operated at $\documentclass[12pt]{minimal}
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                \begin{document}$$0.5 \, \text {mW}$$\end{document}$, respectively.Fig. 4Laser power (left) and ionization pulse delay (right) influence on the ion signal for the transitions at $\documentclass[12pt]{minimal}
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                \begin{document}$$452 \, \text {nm}$$\end{document}$. Saturation curves (orange) are fitted according to \[[@CR28]\]. The lifetime is fitted with a convolution of a Gaussian distribution with an exponential decay law (green). The zero-point of the ionization pulse delay is arbitrary

Another spectral line broadening effect is caused by the high-power ionization lasers, which couple the excited state to the ionization continuum. When the probe and the ionization lasers are synchronized, the lifetime of the excited state is effectively shortened, causing a line broadening \[[@CR29]\]. In order to avoid this effect, the ionization laser has to be decoupled from the excitation step by temporal delay. However, depending on the excited state lifetime, the population decay causes a certain loss in efficiency. The loss factor was measured for the transitions of interest by simultaneous and stepwise shifting the second- and third laser ($\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _3$$\end{document}$) pulse delays relative to the spectroscopy excitation. Since the probe laser is pumped by a separate pump laser, the second- and third laser pulses can be delayed simultaneously by adjusting the pump laser triggers relative to each other. The probe laser was tuned to the same hyperfine transitions as used in the measurement of saturation powers, with a power of $\documentclass[12pt]{minimal}
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                \begin{document}$$468 \, \text {nm}$$\end{document}$ transition. The response of the ion signal is shown in the right panels of Fig. [4](#Fig4){ref-type="fig"}. It can be fitted with a convolution of the approximately Gaussian laser pulse shape with an exponential decay contribution for the lifetime of the excited state \[[@CR30]\]. In the case of the $\documentclass[12pt]{minimal}
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                \begin{document}$$468 \, \text {nm}$$\end{document}$ transition, however, the signal shape is completely dominated by the Gaussian contribution. The larger Gaussian standard deviation compared to the measurement in the $\documentclass[12pt]{minimal}
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Results and discussion {#Sec7}
======================

Nuclear moments {#Sec8}
---------------

Magnetic dipole moments and electric quadrupole moments for Pm isotopes are given in Table [3](#Tab3){ref-type="table"}. Earlier values reported in literature are included. The most precise values are available for $\documentclass[12pt]{minimal}
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Isotope shifts {#Sec9}
--------------

The isotope shift defines the frequency difference $\documentclass[12pt]{minimal}
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Fig. 7Changes in mean square charge radii in the promethium region. Data for the neighboring elements is taken from \[[@CR47]\]. Arbitrary offsets of multiples of $\documentclass[12pt]{minimal}
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The trend in charge radii exhibits several interesting features. Most noticeable is the kink in the curve of all elements at the magic neutron number $\documentclass[12pt]{minimal}
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In order to verify the results of the neighboring elements analysis and to obtain a reasonable error estimate on $\documentclass[12pt]{minimal}
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Summary {#Sec10}
=======
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                \begin{document}$$^{143,144,146}$$\end{document}$Pm were determined for the first time. Since the excited state configuration in the transitions under investigation is unknown, a precise analysis of the isotope shifts was hampered. However, a comparison with neighboring elements allowed good estimate on the transitions' field shift constants and changes in mean square charge radii. The results indicate that the specific mass shift in both transitions is small compared to the field shift. A King--Plot analysis confirmed the consistency of our results and allowed an estimate of systematic uncertainties.

For a better understanding of the evolution of deformation, visible in nuclear moments and changes in mean square charge radii, it is of high relevance to continue laser spectroscopy studies of Pm, both towards $\documentclass[12pt]{minimal}
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                \begin{document}$$N=82$$\end{document}$. With this work we established a basis for future experiments aiming for more exotic nuclei at radioactive ion beam facilities, possibly by using the PI-LIST ion source, which has recently been adapted for on-line application.

In this context, on-line means the experiment is coupled to the isotope production site, enabling experiments on short-lived nuclei.
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